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Abstract: Stereogenic sp3-hybridized carbon centres are fundamental building blocks of

chiral molecules. Unlike dynamic stereogenic motifs, such as sp®-nitrogen centres or
atropisomeric biaryls, sp*-carbon centres are usually fixed, requiring intermolecular reactions
to undergo configurational change. Here, we report the internal enantiomerization of fluxional
carbon cages and the consequences of their adaptive configurations for the transmission of
stereochemical information. The sp’-carbon stereochemistry of the rigid tricyclic cages is
inverted through strain-assisted Cope rearrangements, emulating the low-barrier
configurational dynamics typical for sp3-nitrogen inversion or conformational isomerism. This
dynamic enantiomerization can be stopped, restarted, or slowed by external reagents, while the
configuration of the cage is controlled by neighbouring, fixed stereogenic centres. As part of a
phosphoramidite—olefin ligand, the fluxional cage acts as a conduit to transmit stereochemical
information from the ligand while also transferring its dynamic properties to chiral-at-metal

coordination environments, influencing catalysis and ligand exchange energetics.
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The hugely varied three-dimensional structures—and therefore the hugely varied properties—of
many organic molecules emerge from combining just a few types of atomic building blocks. For
example, 19 of the 22 proteinogenic amino acids are formed solely from sp?- or sp*-hybridized
carbon, nitrogen, and oxygen atoms, capped by hydrogen substituents. Of this small array of

5-10

elemental building blocks, it is tetrahedral sp*-carbon'™ and sp’-nitrogen®'° atoms that have the

potential to form stereogenic centres, creating chiral structures.

Chirality also arises in organic molecules by virtue of motifs other than stereogenic atoms. But while
some planar chiral motifs,'' 13 helices,'* 1% and atropisomeric bonds,’ as well as stereogenic

sp3—nitr0gen centres,’1°

change configuration rapidly and reversibly through low-barrier processes,
sp3-carbon centres cannot generally undergo spontaneous inversion. For example, the energy barrier
to pyramidal inversion of methane is greater than its C—H bond dissociation energy.!”!® Unlike other

11716 therefore, sp-carbon centres cannot generally adapt their configuration to

stereogenic motifs,
surrounding chiral moieties and cannot be controllably switched by the application of external

stimuli.

Instead, intermolecular reactions are usually necessary'®?° to invert individual stereogenic carbon
centres, proceeding through stepwise mechanisms involving high-energy bond-breaking and bond-
making steps®! with pentavalent transition states'® or trigonal intermediates,?® such as carbocations,
carbanions or radicals. Of course, it is this stability of sp>-carbon’s tetrahedral geometry that makes it
essential to the chiral skeletal diversity of organic compounds. It allows for predictable synthesis of
configurationally stable molecules. Yet, the stability also limits the extent to which the complex
three-dimensional connectivity of aliphatic structures can exhibit dynamic, adaptive
stereochemistry.??

23-26 capable of sp’-carbon

There have been impressive, but rare, examples of small covalent systems
enantiomerization by low-barrier intramolecular processes. However, they do so without external

control of their rate or direction to a single stereoisomer. Only multicomponent interlocked
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molecules, in which a ring shuttles along a prochiral axle,””?® have been amenable to external
control. There have been no compact and controllable dynamic sp*-carbon building blocks.
Therefore, it has not been possible to investigate the transmission of stereochemical information

through such systems.”**1

Here, we report a series of chiral fluxional carbon cages® that exhibit responsive sp>-carbon-centered
stereochemistry, adapting to and transmitting surrounding stereochemical information. By applying
DFT calculations, solution- and solid-state NMR spectroscopy, in combination with X-ray
crystallography, we establish the extent to which their dynamic Cope rearrangements are controlled
by neighbouring, fixed stereogenic centres. We have found that a significant energetic bias of more
than 10 kJ-mol ! can be exercised over the stereochemical equilibria by a single fixed stereocentre.
The rearrangements proceed rapidly at rates more commonly associated with conformational changes
of aliphatic systems (e.g., a cyclohexane ring flip of ~43 kJ-mol!) rather than a configurational
change. We show that these rapid constitutional dynamics can be halted by covalent modification of
the cage through a cycloaddition reaction, then subsequently restarted after a cycloreversion. The
rearrangement rate is also attenuated upon coordination of the fluxional cage to Pd(II) or Ru(Il) as
part of a phosphoramidite—olefin ligand. By its inclusion in the simple ligand design, the fluxional
cage transmits stereochemical information from a distal, fixed stereogenic centre to the metal ion.
This property is exploited in enantioselective catalysis of a conjugate addition reaction and in

creating chiral-at-metal stereogenic centres that adopt the configurational dynamics of the cage.

Results

The Cope rearrangement of barbaralane, BB, is an example (Fig. la) of a narcissistic***

automerization—it gives rise to a degenerate structure through a transition state, TS-BB, bearing an

internal mirror plane (oy) that is not present in the ground-state structure. We noted that by

desymmetrizing BB (Fig. 1b) using either a 9-BB, 3-BB, or 2,4-BB substitution pattern, the mirror
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plane present in the ground state (o) is lost while the mirror plane formed in the transition state (ay,)
is retained. As a result, the Cope rearrangement inverts simultaneously some, or all, of the four or
five stereogenic centres present in the structure. Given that the rearrangement of BB is known to
proceed with a remarkably low Gibbs free energy of activation, AG*, of 32.3 kJ-mol ™' (Table S3),%!

33 chiral 9-BB, 3-BB, or 2,4-BB derivatives should undergo rapid enantiomerization.

Figure 1 | Multiple Dynamic sp*-Carbon Centres. Fluxional sp*-
carbon stereochemistry arises in barbaralanes when (a) the structures
interchanged by their Cope rearrangements are (b) desymmetrized
with either of the three substitution patterns shown. Cahn-Ingold—
Prelog priorities are chosen to be R'>C>R? for the assignment of
absolute configuration. 3-BB and 2,4-BB each have four chirotopic
(R/S) centres whereas the 9-BB pattern gives rise to five stereogenic

centres of which three are chirotopic and two are achirotopic (7/s).

Diastereomeric Adaptation

We targeted 9-barbaralol 1 (Fig. 2) as a convenient example of the 9-BB substitution pattern that
bears a hydroxyl group for synthetic elaboration. It was synthesized (Scheme S1) by a three-step
route from ethynyl magnesium bromide and tropylium tetrafluoroborate, using a gold-catalysed
enyne cycloisomerization®®’ to form the barbaralane backbone. When labelling 1 and subsequent
compounds, a single stereochemical descriptor is included to indicate the configuration at position 9
of the barbaralane (Fig. 2a), e.g., (R)-1 and (S)-1, omitting the additional stereochemical labels of
positions 1, 2, 5, and 8 for simplicity (Fig. 1). Treatment of 1 with Mosher’s acid chloride (Fig. 2a)

produces a set of Mosher’s esters 2 in which the configurationally fixed stereocentre is introduced at



98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

a distance of three covalent bonds from the dynamic barbaralane unit. An additional descriptor for
the configuration of the Mosher’s ester group is included in the labels for 2. Derivatization with
(S)-Mosher’s acid gives a dynamic mixture of two diastereomers, (R,S)-2 and (S,5)-2, while
(R)-Mosher’s acid gives (Fig. 2a) the antipodal mixture, (S,R)-2 and (R,R)-2. Solutions of the two

antipodal dynamic mixtures give opposite circular dichroism spectra (Fig. 3a), as would be expected.

DFT modelling using the ®B97X-D functional, 6-311++G(d,p) basis set and a CS» polarizable
continuum solvent model was employed to compare (Table S3) the stereoisomerization energetics of
BB, 1 and 2. Using these parameters, the automerization of BB is predicted to proceed with an
activation energy, AE*, of 41.8 kJ-mol™!, which is ~10 kJ-mol™' higher than the experimentally
measured®?> AG* of 32.3 kJ-mol !, in keeping with previous DFT investigations.’>3* DFT methods
systematically overestimate the energy barrier to Cope rearrangement of barbaralanes, but
nevertheless allow useful comparisons of trends in activation energies and are known to predict
accurately the relative ground-state energies of isomers.**** The computationally predicted AE*
values for 1 (41.8 kJ-mol™!) and 2 (42.9 kJ-mol!) are very similar to BB, indicating that the

hydroxyl or ester group substitutions at position 9 do not significantly change the rapid kinetics.
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Figure 2 | Diastereomeric Adaptation and Manipulation of Chiral Barbaralanes. (a) Adaptation to a chiral auxiliary,
(b) dimerization through a spirocyclic bridge, (c) changing the stereochemical equilibrium by modifying the chiral
auxiliary, and (d) reversibly freezing by cycloaddition. Reagents and conditions: (i) 1. (S)-MTPA, (COCl),, hexanes,
DMF, rt to =20 °C, 16 h. 2. 1, DMAP, EtsN, CHCl;, rt, 5 d, 58%. (ii) 1. (R)-MTPA, (COCl),, hexanes, DMF, rt to
—20 °C, 16 h. 2. 1, DMAP, Et:N, CHCI;, rt, 3 d, 79%. (iii) 3, Lawesson’s reagent, PhMe, 110 °C, 18 h, 13%. (iv) 1. 3,
(S)-1-phenylethylamine, AcOH, MeOH, rt, 30 min. 2. NaBH3CN, 100 °C, 16 h, 89%. (v) 5, PCls, Et;N, CH,Cl,, 0 °C,
3 h. 2. 2,2'-methylenediphenol, CH>Cl,, 0 °C to rt, 16 h, 44%. (vi) 6, PTAD, CH>Cl, 50 °C, 24 h, 85%. (vii) NaOH,
'PrOH, 85 °C, 24 h, taken on crude. (viii) CuCly, HCl@g), 0 °C, 4 h, 48% from 7. X-ray structures are shown in stick
representation. Compound 4 crystallizes in a centrosymmetric space group, i.e., (5,5)-4 and (R,R)-4 are both present, but
only (R,R)-4 is shown for clarity. Diffraction data for crystals of (S,R)-5 allow only assignment of relative
stereochemistry. MTPA = a-methoxy-a-trifluoromethylphenylacetic acid. DMF = N,N-dimethylformamide. DMAP = 4-
(dimethylamino)pyridine. PTAD = phenyl-1,2,4-triazoline-3,5-dione.
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Figure 3 | Spectroscopic Evidence of sp*-Carbon

a> 10 ) B N _£g§;;§§§3_22 ] Adaptation to Covalently Tethered Chiral Auxiliaries.
G 0.5 N N (RS)(S,S)-8 \/\/ (a) Normalized CD spectra of 2 (115 uM in MeCN) and 5
E ." . /\/_{,_R)/(S,R)—S Cooling (210 pM in MeCN) confirm that antipodal equilibrium
E 00 :2(‘) 220 240\‘ 260 280 £l i mixtures give equal and opposite absorbances. (b)
g-O.S ' —A/nm Comparison of partial *C{'H} NMR spectra; top, solid-
z 0 ’ (S,5)-2 (R,S)-2  state chemical shifts calculated from the X-ray crystal
10 9 1 5 281 structure of (R,R)-2 in CASTEP v17.2 using the PBE

b (R.R)-2 functional and on-the-fly generated pseudopotentials;
Simulated middle, (R,R)-2 as a powder at ambient temperature (105

MHz); bottom, (§,S)-2 as a solution in 5:1 CS,—CD,Cl, at
low temperature (125 MHz, 159 K). Resonances are

labelled according to the numbering in Fig. 2.

*Resonance of residual acetone. (c) The Boltzmann

Sl

i CD,Cl,

(S,5)-2 L, distribution of isomers shifts towards a single
159 K ‘ . ,

Solution stereoisomer at low temperature, e.g., a Gibbs energy

CSZ—CD2CI21 difference of ~5 kJ-mol™' would give an approximately

' 90:10 equilibrium mixture at room temperature, but

100 80 60 40 — &/ppm >98:2 at 159 K, so NMR data would be expected to show

a single, major species, as is apparent when comparing
the three spectra in (b).
The absence of the o mirror plane in 1 is evident (Fig. S45) in its solution-state '"H NMR spectrum —

H3 and H7 are magnetically inequivalent, for example. However, the rapid enantiomerization induces
a oy, mirror plane to the time-averaged structure of 1, so only six distinct methine resonances are

observed. The fixed stereocentre of 2 breaks this o;, symmetry. Consequently, nine signals

corresponding to the barbaralane methine groups are observed (Fig. S45).

An energy difference, AE, of 6.8 kJ-mol ! is computed (Table S3) for the rearrangement of 2. The
influence of the (S)-Mosher’s ester group moulds the configuration of the cage unit, which
preferentially adopts its S form, biasing the equilibrium towards (S,S)-2. Consistent with this
prediction, a single crystal (Fig. 2a) obtained from the dynamic (S)-Moshers’s ester mixture was

3

found to contain (S,5)-2 as a frozen,’' single stereoisomer. The equal and opposite outcome is

observed from the (R)-Mosher’s ester mixture, giving the enantiomeric (R,R)-2 solid-state structure.

To investigate the nature of the dynamic solution-state mixtures, we compared (Fig. 3b) the solid-

7
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state 3C{"H} NMR spectrum of enantiopure (R,R)-2 crystals to a spectrum obtained using a sample
of the (§,5)-2 crystals dissolved in 5:1 CS>—CD:>Cl,, generating a dynamic mixture of (R,S)-2 and
(8,9)-2. Cooling the solution to 159 K causes the barbaralane *C{'H} NMR resonances to enter the
slow exchange regime. As 159 K is only ~20 K below the observed coalescence temperature (Fig.
S47) for this low-barrier process, some resonances exhibit exchange broadening. At this low
temperature, the decrease of available thermal energy causes the Boltzmann distribution to shift (Fig.
3c) further towards the lowest energy isomer.>! The solid-state chemical shifts of the barbaralane
sp-carbons 1, 2, 5, 8, and 9 are assigned (Fig. 3b) by comparison to calculated chemical shifts of
(R,R)-2. The resonances of the solution sample match up well with those of (R,R)-2 in the solid state,
allowing us to assign the resolved solution-state diastereomer as (S,5)-2. The solution-state analysis,
therefore, is consistent with the diastereomeric preference predicted by DFT and observed in the

solid state.

The dynamic stereochemical equilibrium can also be biased in the absence of a fixed stereogenic
element. Dimerization of two 9-BB-type cages through a spirocylic linkage breaks the degeneracy of
the equilibrium. By treating (Fig. 2b) barbaralone 3 with Lawesson’s reagent, we isolated trithiolane
4, which undergoes dynamic rearrangements between an achiral isomer, meso-4, and a pair of
enantiomers, (S,5)-4 and (R,R)-4. A small AE of 0.7 kJ-mol ! is predicted (Table S3) to favour the
pair of enantiomers over the meso form. Single crystals grown from a solution of 4 contain a racemic

mixture of the two chiral stereoisomers.

Further chemical modification to the substituent at position 9 can substantially influence, and even
invert, the cage’s equilibrium distribution. The phosphoramidite—olefin*®° ligand Lps was
synthesized (Fig. 2c) by first subjecting 3 to reductive amination with (S)-1-phenylethylamine to
afford a mixture of (S,5)-5 and (R,S)-S. Sequential treatment of the amine with PCl; then
2,2'-methylenediphenol affords Lss. Comparing Lss to S reveals that the differing size and shape of
the substituent at position 9 drives the dynamic stereochemical equilibria of the fluxional cage

towards opposite configurations. The solution phase equilibrium of the secondary amine is weighted
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(Table S3) towards the (R,S)-5 diastereomer by a AE of 3.1 kJ-mol !, matching the structure
observed by X-ray analysis (Fig. 2c) of a single crystal. By contrast, the (S,S)-Lsp diastereomer of
the phosphoramidite is favoured (Fig. S70) with a AE of 14.4 kJ-mol . The large magnitude of AE
for Les highlights that the configurational dynamics of the 9-BB motif (Fig. 1) correlate with
significant changes in its three-dimensional shape3 ! and, therefore, its energy. At the same time, the
opposing cage stereochemistry for 5 and Lps demonstrates that the malleable sp’-carbon

configuration adapts to changes in the nearby steric environment.

Manipulation of Enantiomerization Rates and Transfer of Stereochemistry

To exert further control over the fluxional enantiomerization, we sought to exploit the reactivity of
the barbaralanes’ skipped diene units. The fluxional rearrangements can be stopped entirely by
engaging the alkene units in covalent bonding, whereas coordination of the m-electrons to a transition

metal ion*> modulates the rearrangement rate instead.

An enantiomerizing mixture of 9-(p-tolyl)barbaralol 6 engages (Fig. 2d) in a cycloaddition reaction
with phenyl-1,2,4-triazoline-3,5-dione,* giving rise to 7. This reaction halts the rearrangement whilst
also symmetrizing the structure by forming a second cyclopropyl group. Subsequently, the fluxional
cage can be regenerated (Fig. 2c) in a two-step transformation through diazinane 8 (Fig. S44), which
undergoes cycloreversion with loss of N> upon oxidation with CuCl,. Alternatively, coordination of
Pd(II) (Fig. 4) or Ru(Il) (Fig. 5) to Lss causes a reduction in the rate of the Cope rearrangement, as

discussed below.

Les and PdCl, form (Fig. 4a) a chiral-at-metal*'** complex, LssPdCl,, linking the sp’-carbon
configurational inversion to the A/C isomerism* of the distorted trigonal bipyramidal (TBPY-5-12)
coordination environment (Fig. S1). Both possible stereoisomers, arising from coordination of
(S5,5)-Les or (R,S)-Lss through their P centre and an alkene, are observed (Fig. 4a) in the X-ray
crystal structure of the PdCl, complex. The alkene coordination is also evident (Fig. 4b) in the

solution state by 'H NMR spectroscopy. For comparison, a monodentate LssAuCl complex (Fig. 4a)
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was prepared, which shows only small changes in the '"H NMR chemical shifts of its alkene signals
Hs and H7 relative to the free ligand (Fig. 4c). The room-temperature spectrum of LssPdClz, on the
other hand, reveals a large change in the chemical shift of H7, consistent with coordination of Pd(II)

to the alkene on the same face as the phosphoramidite group.

At 240 K, the '"H NMR spectrum reveals (Fig. 4c) the two LssPdCl, isomers in slow exchange. Two
sets of signals are observed in a 3:4 ratio, corresponding to a small Gibbs free energy difference, AG,

of 0.5 kJ-mol ™! between the two isomers. Consistent with this observation, DFT calculations predict

(Table S3) a small AE of 0.9 kJ-mol ! in favour of (C,R,S)-LgsPdCl..

Further NMR and DFT analyses elucidate the mechanism by which the LpsPdCl, complex
isomerizes. Pd(II) salts are known to accelerate Cope rearrangements,** doing so by coordinating
both alkene groups simultaneously. Coordination of the Pd(II) to one face of the fluxional cage in
LssPdCl; evidently has the opposite effect, slowing the Cope rearrangement. Unlike 2, for example,
whose 'H NMR resonances (499 MHz) enter the slow exchange regime below 160 K (Fig. S46), the
slower rearrangement of LesPdCl: is resolved by "H NMR spectroscopy at the higher temperature of
240 K. Using two-dimensional '"H-'H exchange spectroscopy (EXSY) at 240 K (Fig. 4c), we have
measured a rate of exchange, k, of 6.48 s™!, indicating a AG* of 54.6 kJ-mol™! for LssPdCl,. The
DFT calculated transition state structure, TS-Pd, is consistent with a coordination-coupled Cope
(cc-Cope) rearrangement (Fig. 4a) in which the Pd(II) remains bound to the cage. The calculated AE*
of 62.1 kJ-mol ! is an increase of 20.3 kJ-mol ! relative to the BB benchmark, which compares well
to the experimentally measured increase in AG* of 22.3 kJ-mol ! (from 32.3 to 54.6 kJ-mol!). These
data indicate that the metal ion ‘walks’ along one side of the barbaralane cage as the Cope
rearrangement proceeds, moving back and forth in sync with the pericyclic reaction. Consequently,
the barbaralane not only transmits the stereochemical information from the fixed sp3-carbon
stereocentre through its dynamic sp’-carbon framework, biasing the chiral-at-metal configuration, it
also imparts a novel mechanism of intramolecular configurational change at a pentavalent

stereocentre, which differs from the established pseudorotation and turnstile mechanisms.*’

10
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Figure 4 | Transfer of Dynamic sp>-Carbon Stereochemistry in Au(I), Pd(II), and Cu(II) Complexes. (a) Reagents
and conditions: (i) Les, PAC1,(NCMe),, CDCls, 1t, 15 min, 98%. (ii) Lss, Me,S- AuCl, CDCls, rt, 10 min, 93%. X-ray
crystal structures are shown in stick representation with a ball for metal ions. Solvent molecules are omitted for clarity.
Two structurally similar conformers of each LssPdCl, stereoisomer are present in the unit cell, but only one of each is
shown for clarity. (b) Partial 'H NMR (CDCIs) spectra of (top) Lss (599 MHz, 298 K), (second) LssAuCl (599 MHz,
298 K), (third) LesPdCl, (499 MHz, 298 K), (bottom) LesPdCl, (499 MHz, 240 K). Resonances are labelled according
to the numbering for Las in Fig. 2. The spectrum at 240 K shows the two LssPdCl, complexes in slow exchange in a
ratio of 3:4. (c) A partial '"H-'H EXSY NMR spectrum (499 MHz, CDCl;, 240 K, mixing time zm = 200 ms) showing
exchange peaks (red) between resonances of the minor (Hi) and major (Hi;) diastereomers as well as COSY peaks
(blue) of geminal proton pairs. (d) Gibbs energy diagram for the cc-Cope rearrangement. (e) Reagents and conditions: (ii)
1. Lsp (2 mol%), Cu(OTf): (2 mol%), PhMe, rt, 30 min. 2. trans-B-nitrostyrene, Et,Zn, hexanes, =78 °C, 12 h, 64%,
69:31 e.r.
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Having observed the effective transmission of stereochemical information in LssPdCl,, we tested the
influence of Lsp as a ligand for enantioselective catalysis. Phosphoramidite complexes used in
enantioselective catalysis routinely comprise two coordinated ligands that each bear two fixed sp>-

carbon stereogenic centres and an atropisomeric biaryl.*®

Remarkably, an equimolar mixture of
2 mol% Lee and 2 mol% Cu(OTf). catalyse (Fig. 4e) the addition of Et>Zn to trans-B-nitrostyrene
with an e.r. 69:31. The stereochemical information from the single, fixed stereocentre of the single

coordinated ligand is passed through the adaptive Lss backbone to the Cu(Il) with good fidelity,

imparting enantioselectivity to the transformation of the substrates.

The dynamic sp*-carbon stereochemistry of Lps can also be linked to an intermolecular ligand
exchange process. Cyclopentadienyl (Cp) half-sandwich Ru(II) complex,*® LgsRuCp(NCMe)-PFs
(Fig. 5) has a stereogenic, distorted square pyramidal Ru(II) centre (Fig. S69) coordinated to a labile
MeCN ligand. While cc-Cope rearrangements interconvert the SPY-5-24 and SPY-5-25
configurational isomers*® (Fig. 5a), MeCN dissociation forms the distorted tetrahedral (7-4) chiral-at-

metal species LeBRuCp-PFg, which mediates A/C stereochemical inversion.

Ru(Il) coordination slows the Cope rearrangement sufficiently for a single stereoisomer to be
resolved as a metastable species under ambient conditions (Fig. 5b). Upon dissolving single crystals
of LesRuCp(NCMe)-PFs obtained by slow evaporation, the "H NMR spectrum shows the presence
of a single complex (Fig. 5b) with resonances distinct from non-coordinated Lps. After allowing the
sample to fully equilibrate at room temperature for four hours, a new set of peaks is observed
(Fig. 5b) at a ratio of 4:1 in favour of the initially observed isomer, equivalent to a AG of
4.0kJ-mol !, X-ray analysis (Fig. 5c) of the crystalline sample reveals the identity of the
energetically favoured isomer to be (C,R,S)-LBBRuCp(NCMe)-PFs. DFT also supports this

assignment (Table S3), predicting a AE of 6.7 kJ-mol .

12
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311++G(d,p)/SDD/CSy). "Experimentally measured (panel d) ligand exchange AG* values (kJ-mol™"), through TS2-Ru and/or TS4-Ru, are shown for reference.

13



267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

We measured the isomerization rate of (C,R,S)-LBBRuCp(NCMe)-PFs by monitoring (Fig. 5d) the
first-order growth in intensity of the resonance at 3.1 ppm corresponding to the Ho signal of
(A,S,S)-LBBRUCp(NCMe)-PFs—the isomer calculated (Fig. 5e) to be the next most stable
stereoisomer. The observed rate, kobs, of 2.56 x 107> s7! at 298 K allows us to determine a AG* of
87.8 kJ-mol!. Comparison of this value to maxima of the computed potential energy surface
(Fig. 5e), a CD3CN exchange experiment (Fig. S52), and literature measurements of MeCN
dissociation from Cp half-sandwich Ru(Il) complexes*® suggests that the cc-Cope and MeCN
exchange processes occur at similar rates. To achieve the (C,R,S)-to-(A,S,S) isomerization observed
by NMR, the complex must undergo both cc-Cope and ligand exchange steps (Fig. 5e). Overall, the
energetic bias towards (C,R,S)-LesBRuCp(NCMe)-PFs and observation of its stepwise stereomutation
to (A,S.S)-LesRuCp(NCMe)- PFs illustrate that the fluxional sp>-carbon cage mediates the transfer of
stereochemical information with high fiedlity from the single, fixed benzylamino stereocentre

through its rigid, tricyclic structure.

Conclusions

The Cope rearrangements of the chiral 9-BB cages simultaneously invert every stereogenic sp’-
carbon centre of their structures. These configurational rearrangements occur rapidly and reversibly,
achieving the uncommon property of dynamic sp>-carbon stereochemistry—one that has remained
surprisingly rare since Le Bel' and van’t Hoff* first identified tetrahedral carbon as a source of
molecular chirality in 1874. Both the rate of sp>-carbon inversion and the equilibrium distribution of
isomers are sensitive to changes in the 9-BB structure. On one hand, the dynamics of the
rearrangement processes are controlled through manipulation of covalent bonding or metal
coordination of the 9-BB olefin groups, providing convenient functional handles. On the other hand,
the cage adapts its configuration to minimize steric interactions with nearby fixed stereogenic

elements and, in so doing, is able to transmit the stereochemical information across its rigid, tricyclic
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backbone. When interfaced with transition metal complexes, the dynamic cage conveys a

stereochemical preference to the chiral-at-metal*'*? centre. Controllable and adaptable sp*-carbon

stereochemistry of this kind can be exploited in enantioselective synthesis

7,9,10,28,38,47,48 and chiral

functional materials.*’
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Figures

Figure 1

Multiple Dynamic sp3-Carbon Centres. Fluxional sp3-carbon stereochemistry arises in barbaralanes when
(a) the structures interchanged by their Cope rearrangements are (b) desymmetrized with either of the
three substitution patterns shown. Cahn—Ingold—Prelog priorities are chosen to be R1>C>R2 for the
assignment of absolute configuration. 3-BB and 2,4-BB each have four chirotopic (R/S) centres whereas
the 9-BB pattern gives rise to five stereogenic centres of which three are chirotopic and two are

achirotopic (r/s).



Figure 2

Diastereomeric Adaptation and Manipulation of Chiral Barbaralanes. (a) Adaptation to a chiral auxiliary,
(b) dimerization through a spirocyclic bridge, (c) changing the stereochemical equilibrium by modifying
the chiralauxiliary, and (d) reversibly freezing by cycloaddition. Reagents and conditions: (i) 1. (S)-MTPA,
(COCI)2, hexanes, DMF, rt to 20 °C, 16 h. 2. 1, DMAP, Et3N, CHCI3, rt, 5 d, 58%. (i) 1. (R)-MTPA, (COCI)2,
hexanes, DMF, rt to -20 °C, 16 h. 2. 1, DMAP Et3N, CHCI3, rt, 3 d, 79%. (iii) 3, Lawesson’s reagent, PhMe,



110 °C, 18 h, 13%. (iv) 1. 3, (S)-1-phenylethylamine, AcOH, MeOH, rt, 30 min. 2. NaBH3CN, 100 °C, 16 h,
89%. (v) 5, PCI3, Et3N, CH2CI2, 0 °C, 119 3 h. 2. 2,2"-methylenediphenol, CH2CI2, 0 °C to rt, 16 h, 44%. (vi)
6, PTAD, CH2CI2, 50 °C, 24 h, 85%. (vii) NaOH, iPrOH, 85 °C, 24 h, taken on crude. (viii) CuCl2, HCI(aq), 0
°C, 4 h, 48% from 7. X-ray structures are shown in stick representation. Compound 4 crystallizes in a
centrosymmetric space group, i.e,, (S,S)-4 and (R,R)-4 are both present, but only (R,R)-4 is shown for
clarity. Diffraction data for crystals of (S,R)-5 allow only assignment of relative stereochemistry. MTPA =
a-methoxy-a-trifluoromethylphenylacetic acid. DMF = N,N-dimethylformamide. DMAP = 4-
(dimethylamino)pyridine. PTAD = phenylii1,2,4ltriazolinek3,5Hdione.
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Figure 3

Spectroscopic Evidence of sp3-Carbon Adaptation to Covalently Tethered Chiral Auxiliaries. (a)
Normalized CD spectra of 2 (115 uM in MeCN) and 5 (210 uM in MeCN) confirm that antipodal
equilibrium mixtures give equal and opposite absorbances. (b) Comparison of partial 13C{1H} NMR
spectra; top, solid-state chemical shifts calculated from the X-ray crystal structure of (R,R)-2 in CASTEP
v17.2 using the PBE functional and on-the-fly generated pseudopotentials; middle, (R,R)-2 as a powder at



ambient temperature (105 MHz); bottom, (S,S)-2 as a solution in 5:1 CS2-CD2CI2 at low temperature
(125 MHz, 159 K). Resonances are labelled according to the numbering in Fig. 2. *Resonance of residual
acetone. (c) The Boltzmann distribution of isomers shifts towards a single stereoisomer at low
temperature, e.g., a Gibbs energy difference of ~5 kJ-mol-1 would give an approximately 90:10
equilibrium mixture at room temperature, but >98:2 at 159 K, so NMR data would be expected to show a
single, major species, as is apparent when comparing the three spectra in (b).
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Figure 4

Transfer of Dynamic sp3-Carbon Stereochemistry in Au(l), Pd(ll), and Cu(ll) Complexes. (a) Reagents and
conditions: (i) LBB, PdCI2(NCMe)2, CDCI3, rt, 15 min, 98%. (ii) LBB, Me2S-AuCl, CDCI3, rt, 10 min, 93%. X-
ray crystal structures are shown in stick representation with a ball for metal ions. Solvent molecules are
omitted for clarity. Two structurally similar conformers of each LBBPdCI2 stereoisomer are present in the
unit cell, but only one of each is shown for clarity. (b) Partial TH NMR (CDCI3) spectra of (top) LBB (599



MHz, 298 K), (second) LBBAuUCI (599 MHz, 298 K), (third) LBBPdCI2 (499 MHz, 298 K), (bottom)
LBBPdCI2 (499 MHz, 240 K). Resonances are labelled according to the numbering for LBB in Fig. 2. The
spectrum at 240 K shows the two LBBPdCI2 complexes in slow exchange in a ratio of 3:4. (c) A partial
TH-TH EXSY NMR spectrum (499 MHz, CDCI3, 240 K, mixing time tm = 200 ms) showing exchange peaks
(red) between resonances of the minor (H11') and major (H11) diastereomers as well as COSY peaks
(blue) of geminal proton pairs. (d) Gibbs energy diagram for the cc-Cope rearrangement. (e) Reagents and
conditions: (ii) 1. LBB (2 mol%), Cu(0Tf)2 (2 mol%), PhMe, rt, 30 min. 2. trans-B-nitrostyrene, Et2Zn,
hexanes, -78 °C, 12 h, 64%, 69:31 e.r.
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Figure 5

Transfer of Dynamic sp3-Carbon Stereochemistry in Chiral-at-Ru(ll) Complexes. (a) Four diastereomeric
square pyramidal complexes are linked by cc-Cope rearrangements and exchange of an MeCN ligand,
which proceeds through two intermediate tetrahedral complexes. A non-coordinated PF6- counterion is
omitted from the structural formula of each complex for clarity. Reagents and conditions: (i) LBB,
CpRu(NCMe)3-PF6, CDCI3, rt, 5 min, 69%. (b) Comparison of the partial TH NMR (CDCI3) spectra of (top)
LBB (599 MHz, 298 K), (middle) a sample of LBBRuCp(NCMe)-PF6 analysed immediately after dissolving
a crystalline sample (400 MHz, 298 K), and (bottom) the same sample after allowing to equilibrate for 4 h
(400 MHz, 298 K), revealing that an initially observed single isomer reaches a 4:1 equilibrium mixture.
Resonances are labelled according to the numbering for LBB in Fig. 2. (c) (C,R,S)-LBBRuCp(NCMe)-PF6 is
identified in the solid-state X-ray crystal structure, which is shown in stick representation with a ball for
the Ru(ll) ion. Solvent molecules and the PF6- counterion are omitted for clarity. (d) Integration of the 1H
NMR (CDCI3, 400 MHz, 298 K) resonance corresponding to H9' of (A,S,S)-LBBRuCp(NCMe)-PF6 upon
dissolving a crystalline sample of (C,R,S)-LBBRuCp(NCMe)-PF6 reveals a first-order increase in
concentration with kobs = 2.56 x 10-3 s-1. (e) A potential energy surface for isomerization based on
calculated AE and AE% for the cc-Cope processes (wB97X-D/6- 311++G(d,p)/SDD/CS2). 4Experimentally



measured (panel d) ligand exchange AG# values (kJ-mol-1), through TS2-Ru and/or TS4-Ru, are shown
for reference.
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